Abstract A statistical mechanical model for voltage-gated ion channels in cell membranes is proposed using the transfer matrix method. Equilibrium behavior of the system is studied. Representing the distribution of channels over the cellular membrane on a one-dimensional array with each channel having two states (open and closed) and incorporating channelchannel cooperative interactions, we calculate the fraction of channels in the open state at equilibrium. Experimental data obtained from batrachotoxin-modified sodium channels in the squid giant axon, using the cut-open axon technique, is best fit by the model when there is no interaction between the channels.
Using the principles of statistical mechanics, different approaches have been proposed to address the mechanism of voltage sensing and gating in ion channels. Roux [5] developed a rigorous statistical mechanical formulation of the equilibrium properties of selective ion channels incorporating the influence of the membrane potential, as well as multiple occupancy and saturation effects. Yang et al. [6] presented a statistical mechanical model for interactive ion channels in the presence of electric fields. They obtained the maximum fractions of open potassium and sodium channels by solving a self-consistent nonlinear algebraic equation under a mean-field approximation (MFA) with the important constraint of a static, not time-varying, electric field. We recently proposed and studied the pair approximation (PA) version of the interactive model [7] . The PA model results qualitatively agreed with the MFA results for the potassium and sodium transmembrane conductance reported in [6] . We also used the MFA and PA methods in order to incorporate the effects related to ion transport through the noninteracting ion channels [8] [9] [10] . In these works [8, 10] , the dynamics of the system were investigated and the kinetic rate constants were found using two different statistical mechanical treatments, namely path probability and path integral methods. The results were tested with experimental data obtained with cut-open axon technique (COAT) for batrachotoxin-modified sodium channels [11] .
In the present paper, we propose and study a new statistical mechanical approach for voltage-gated ion channels in cell membranes using the transfer matrix method (TMM). The TMM was first introduced by Kramers and Wannier [12] . It worked with immediate success in the one-dimensional Ising model and became the first method to treat succesfully the field-free Ising model in two dimensions [13] . As a channel has two possible states (open and closed), the Ising model formalism has been applied to the one-dimensional voltage sensitive channel ensembles. Representing the distribution of channels over the cellular membrane on a one-dimensional array with each channel having two states, and incorporating the interactions between these states, we calculate the fraction of channels in the open state at equilibrium. This type of calculation for ion channels was first performed by Ghosh and Mukherjee [14] . They studied the co-operative behavior of voltage-sensitive membrane channels from electrophysiological experiments and suggested a statistical mechanical approach based on a Zimm-Bragg type model [15] . They also tested the model with voltage-dependent conductance data for gap-junction channels in embryonic cells. Ghosh [16] created the same problem for the relaxation of membrane channels. Besides these works, Liu and Dilger [17] applied the one-dimensional Ising model to the study of cooperative phenomena between ligand-gated ion channels and derived the expressions for the mean open channel probability and the variance from the grand partition function. The one-dimensional model based on the TMM has also been extensively applied to cooperative biological systems [18] [19] [20] .
Ion channels can be either open (O) or closed (C). The word gate is used to describe the structure or the property of the channel that is concerned with the transition between these two states. When the gate is open, the ions flow through the channel, and when it is closed they cannot. Gating is the process whereby the gate is opened and closed. There may be a number of different closed and open states, so the gating processes may involve a number of different sequential or alternative transitions from one state of the channel to another. Modulation occurs when some substance or agent affects the gating of the channel in some way. The behavior of our simple two-state channel can first be described by a simple twostate system in which each channel is opened by the movement of a single gating particle which carries a charge. At any moment the particle is in one of two positions, 1 and 2, and these are associated with closed and open states, respectively. The positions 1 and 2
